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Abstract

This study investigated the role of an allochthan@ram-positive wastewater bacterium
(Bacillus sp. KUIM2) selected through rigorous screening,tfi@ removal of potentially
toxic elements (PTEs; As, Cd, Cu, Ni) and promotanplant growth under PTE-stress
conditions. The dried biomass of the bacterialistramoved PTEs (5 mg™) from water by
90.17-94.75 and 60.4-81.41%, whereas live cellsoven 87.15-91.69 and 57.5-78.8%,
respectively, under single-PTE and co-contaminataalitions. When subjected to a single
PTE, the bacterial production of indole-3-acetitdda@AA) reached the maxima with Cu
(67.66%) and Ni (64.33%), but Cd showed an inhifiteffect beyond 5 mgt level. The
multiple-PTE treatment induced IAA production only to 5 mg [* beyond which inhibition
ensued. Enhanced germination rate, germinationxirashel seed production of lentil plant
(Lens culinaris) under the bacterial inoculation indicated thenplgrowth promotion
potential of the microbial strain. Lentil plants a result of bacterial inoculation, responded
with higher shoot length (7.1-27.61%), shoot dryghie (18.22-36.3%) and seed production
(19.23-29.17%) under PTE-stress conditions. The Bptake in lentil shoots decreased by
67.02-79.85% and 65.94-78.08%, respectively, usogie- and multiple-PTE contaminated
conditions. Similarly, PTE uptake was reduced iedseup to 72.82-86.62% and 68.68-
85.94%, respectively. The bacteria-mediated iniobiof PTE translocation in lentil plant
was confirmed from the translocation factor of tlespective PTEs. Thus, the selected
bacterium(Bacillus sp. KUIM2) offered considerable potential as a Pdifiediating agent,
plant growth promoter and regulator of PTE trarslimn curtailing environmental and

human health risks.

Keywords: Bacillus sp.; potentially toxic elements; IAA productiordapt growth
enhancement; bioremediation; environmental manageme
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1. Introduction

The concentrations of potentially toxic element3EB) have been increasing globally in
different domains of the environment for the lastesal decades. Emanating from a myriad
of lithogenic and anthropogenic sources predomipadtue to rapid industrialization,
improper waste disposal, intensive use of chenfiedllizers and pesticides and mining
activities, PTEs have built up in the environmentah alarming level (Bolan et al., 2014;
Han et al., 2018). Most of these PTEs are pergistenature, and some even can cross the
trophic boundary. They adversely affect the watet soil quality, crop productivity, health
of biota including human beings, and overall ectessyshealth and services (Huang et al.,
2018; Goutam et al., 2018). For example, some ealesn@Cu, Ni and Zn) considered as
micronutrients for plants become toxic at high aorications (Adrees et al.,, 2015;
Emamverdian et al., 2015; Khan et al., 2015), whe@her non-essential PTEs such as Cd,
Pb, Hg and As adversely affect enzymatic actiuitytosis, photosynthesis, plant growth,
respiration, germination and biological productewen at low concentrations (Khan et al.,

2015; Etesami, 2018).

A PTE-contaminated environment forces microorgasistn adopt various metabolic
strategies and different degree of resistanceéotar (Gillan et al., 2014). The PTE-
resistant/tolerant bacteria have the capabilitgriw in the presence of high concentration of
PTEs (Biswas et al.,, 2017; 2018). They interachvRTEs in diverse ways to reduce the
toxicity and develop resistance to those elemeyn@dopting several strategies (Rajkumar et
al., 2012; Ma et al., 2016; Ndeddy Aka and Babal@ll6; Huang et al., 2018). Bacterial
bioaccumulation of PTEs is accomplished by an gnetgpendent metabolic process,
whereas biosorption is an energy independent segtiea mediated by ion exchange,
adsorption, chelation and entrapment (Gadd, 20@0yobilization of PTEs can be effected

by some bacteria through dissimilatory reductionnberaction with metabolic products of
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hydroxide, sulphide, phosphate and carbonate (Rekuet al., 2012). Many bacterial
products having adhesive properties, such as argands, alcohols, polysaccharides, humic
and fulvic acids can entrap PTEs and their sulghaled oxides, whereas anionic groups of
peptidoglycan component of the bacterial cell walh bind with PTE ions (Wu et al., 2010).
Bacteria use many PTEs as terminal electron accegtd reduce them to their lower redox
state (Gadd, 2000), mobilize or immobilize the edats depending on their chemical species
(Bolan et al., 2014). Some metal(loid)s may also reenoved by microbe-mediated
methylation process in the form of volatile prodyat.g., dimethylmercury, trimethyl arsine

or dimethyl selenide (Wu et al., 2010).

Many bacteria have plant growth promotion capaaitsibuted to their ability to synthesis of
plant growth hormones. Indole-3-acetic acid (IAAays the key role in inducing plant
growth in association with gibberellic acid (GA)dai-aminocyclopropane-1-carboxylate
(ACC) deaminase (Ma et al. 2015; Ndeddy Aka andaBda, 2016; Han et al., 2018). IAA is
metabolized mainly from L-tryptophan through ind8lgyruvic acid by plants and microbes
(Duca et al., 2014). The IAA production promotedl chvision, stimulates germination,
general plant growth and development, and impassstance to stress (Tsavkelova et al.,
2006; Goswami et al., 2014). The bacterial IAA t@wsen plant root cell walls and increase
root exudates production, which facilitates rhizuspc microbial colonization and nutrient
acquisition (James et al., 2002; Chi et al., 200BA also provides protection against
external stress by enhancing coordination of dffiercellular defence systems (Bianco and
Defez, 2009). Even in PTE-contaminated environmesdsneBacillus specieshave been
reported to stimulate plant growth, increase PTEnahilization and decrease PTE uptake

and translocation (Rajkumar et al. 2013; Ndeddy ahkd Babalola, 2016; Han et al., 2018).

The conventional physicochemical PTE removal mether@ often economically expensive,
energy intensive and environmentally invasive (dishet al., 2017). Bacteria-mediated

4
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remediation of PTEs may have the potential to awee these limitations (Wang et al.,
2018), but a huge knowledge gap exists regardiagetficacy of bacterial intervention in the
clean-up of PTEs in co-contaminated environmentafrices. Further, there is a paucity of
information on how IAA production is induced or ibhed by multiple-PTE stress, how the
PTE translocation to plants can be modulated sraok bacteria (e.gBacillus sp.), and its

implication in the quantity and quality of agriaudal crops.

It was hypothesized that a successfully isolatedtipiel PTE-resistant bacterium endowed
with plant growth enhancing traits could be ex@dias an agent of PTE removal and plant
growth promotion. Banking on the merits of intimatgartite interactions among plants,
microorganisms and PTEs, the present study wasrtakéa with the following objectives:
(1) to isolate and characterize a novel and efiicmultiple PTE-resistant bacterial strain
from wastewater source contaminated with low cotrations of selected PTES; (2) to assess
the resistance to and removal of PTEs by the smleBXTE-resistant bacterium, and its
potential in inducing IAA production and growth protion of lentil plant under single and
multiple-PTE stress conditions; and (3) to evalutdie impact of introduction of the
allochthonous bacterial strain to a soil spikednwisingle or multiple PTEs in modulating

PTE immobilization, partitioning and translocatiorthe lentil plant.

2. Materialsand methods

2.1. Isolation of the PTE-resistant bacterial strain

The raw wastewater samples were collected in stguiastic containers from the grid
chamber of the Kalyani Sewage Treatment Plant, &aJyWest Bengal, India. Using
standard spread plate method, the bacterial isolagge screened on glucose minimal salt

agar plates supplemented with multiple-PTE eaclingathe final concentration of 0.5 mg L
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! in the medium. The specific concentration of indiial PTE was prepared using respective
salt (AsNaQ+ NaHAsO,; CdCh- H,O; CuCh-2H,0 and NiC}- 6H,0) solutions. Plates were

incubated at 37 °C for 48 h. Initially, 85 PTE-stant bacterial isolates were selected and
further inoculated using streak plate method oratljer plate containing gradually increasing
concentrations of PTEs. Based on the resistancenpal; 12 isolates were subsequently
selected. After rigorous screening of those 12atesl under heightened PTE challenge, the

most promising one was finally selected for furteeerdies.

2.2. Biochemical characterization

The selected isolate was grown in glucose minina#tl medium at 35 °C and pH 7. The
isolated bacterial strain was physiologically amachemically analysed for the properties of
Gram staining (Aneja, 2004), motility (Aneja, 2004hdole production (Aneja, 2004),
methyl red (Benson, 2002), Voges—Proskauer (Ben2002), citrate utilization (Aneja,
2004), amylase (Bird and Hopkins 1954), catalasee{# 2004), urease (Bhattacharya et al.,
2014), lipase (Benson, 2002), cellulase (Huangl.e2812) and ACC deaminase (Penrose
and Glick, 2003) activities, gelatin hydrolysis (Blaramoorthi et al., 2011), nitrate reduction
(Benson, 2002), phosphate solubilization (Husstial.e 2016), IAA production (Biswas et
al., 2017), GA3 production (Halbrook et al., 196d3tracellular polymeric substances (EPS)
production (Parai et al., 2018), triple sugar ir@st (Aneja, 2004), and carbohydrate

fermentation (Benson, 2002) (Suppl. Table 1).

2.3. ldentification of the bacterial strain

The identification of the isolated bacterial strairas made following 16S rRNA gene

sequencing method. The 16SrRNA gene was amplifiedugh polymerase chain reaction
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(PCR). The genomic DNA of the strain was extra@ed used as the template. The bacterial
universal forward and reverse primers, 27F(5-AGAGGATCMTGGCTCAG-3") and
1492R (5"-GGTTACCTTGTTACGACTT-3") were employed 8€R (Biswas et al., 2017).
The PCR product was subjected to agarose gel efdwiresis, and the band of interest (1.5
kb) was purified using HiPurA Quick Gel Purificati&it (HiMedia Laboratories, India). The
purified 16SrRNA gene was then transformed usingeEld& Easy Vector System |
(Promega Corporation, USA) iBscherichia coli JM109 competent cells to attain greater
accuracy and desired quality. The plasmid DNA vgatated from the transformed cell using
QIlAprep Spin Miniprep Kit (Qiagen, Germany), andedsfor sequencing performed by
Eurofins Genomics, Bengaluru, India. The Basic Laddaggnment Search Tool (BLAST) at
National Center for Biotechnology Information (NGBinabled the comparison of the 16S
rRNA gene sequence with relevant sequences awailablthe GenBank database. The
sequence alignment was performed in Clustal W. plimdogenetic tree was drawn with
MEGA10 software following the neighbour joining rhetd and Jukes-Cantor distance
correction (Choudhary and Sar 2011; Biswas eR@ll7). The 16S rRNA gene sequence was

deposited to the GenBank (NCBI).

2.4. Optimization of growth conditions

The temperature, pH and salinity for the maximurowgh of the strain were optimized in
glucose minimal salt medium. The bacterial straiaswnoculated in sterile media and
incubated at different temperatures (25, 30, 35,487and 45 °C) to obtain the optimum
temperature for bacterial growth. The pH of the medwas adjusted with 1N NaOH or HCI
to obtain different pH values (3, 4, 5, 6, 7, 810,and 11) to ascertain the optimum pH. To

determine the growth, optical density (OD) of thhewgng culture was measured at 600 nm.
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The salinity for optimum growth of the strain wasamined by increasing NacCl
concentrations up to 9% (w/v) of the culture medidime pH of the media was maintained at
7.0 £0.2 by adjusting with 1IN NaOH/HCI. Then theeovight culture of isolated strain was
inoculated to the respective media, and incubat&® &C for 24 h. The OD was measured at
600 nm (Segner et al., 1971). The test was perfdrmériplicates. The growth curve of the

isolated strain was generated under optimum graowtiditions.

2.5. Determination of PTE tolerancelimit

Maximum tolerance limit (MTL) against individual ETwas determined by growing the
selected bacterial strain in the glucose minimalt saedium with increasing PTE
concentration until the strain failed to grow inetimedium. The bacterial growth was
measured at 600 nm. The same procedure was followedinimal salt agar plates, and the
bacterial growth was examined visually. The conegitns of PTEs were increased
gradually from 5 mg I up to respective tolerance limit tested. The tsolastrain grown
in/on lower concentration was used as inoculuntfersuccessive higher concentrations. The
highest concentration at which bacterial strain vabte to grow was considered as the

maximum tolerance limit (MTL).

On the other hand, the MTL against multiple PTEs aiso examined. In this case, 5 my L
each of all five PTEs (As(lll), As(V), Cd, Cu and)Nvere added within a glucose minimal
salt medium. Then the isolated strain was inocdl@Biswas et al., 2017). For ascertaining
the MTL of the strain subject to multiple PTEs ttigg, the concentrations of those selected
PTEs were gradually increased up to 50 rigir.the growth medium. Concentrations of the
individual elements were increased differentialgpdnding upon their ultimate tolerance

until the strain failed to grow in the medium. Ba@l growth was measured at 600 nm. The
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same procedure was followed on minimal salt agatep| and the bacterial growth was
examined visually. The maximum limiting concentpatiof the specific combination of PTEs
(As(I), As(V), Cd, Cu and Ni) in the medium beybmvhich the strain was unable to grow

was considered as the MTL for multiple-PTE.

2.6. Estimation of |AA production

The isolate was grown in 50 mL of glucose minimadt snedium supplemented with 1, 2, 5
and 10 mg [* L-tryptophan for 6 days at 35 °C. After incubatitre bacterial medium was
processed, and IAA produced by the bacterial stnas quantified following the protocol

prescribed by Biswas et al. (2017).

The IAA production potentials of the strain in theesence of individual and multiple-PTE
were also determined. Different concentrations, (2.5, 5, 10, 20, 30, 40 and 50 mg)lof
the selected PTEs were added into individual grawddium for the single-PTE system. In
multiple-PTE system, the selected elemental conatoins ranged between 0.5 to 30 my L
The PTEs were added in a growth medium where tta toncentration of As comprised
As(lll) and As(V) species added in equal proportit;m maintain the final ratio of

As:Cd:Cu:Ni at 1:1:1:1.

2.7. Estimation of seed ger mination and seedling growth

The seed germination promotion activity of the aselwas performed on surface sterilized
lentil (Lens culinaris, variety Asha) seeds. The bacterial strain was/gnm glucose minimal

salt medium for 24 h at 35 °C and germination ss&aeas monitored in the laboratory for 8
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days following the standard method (Biswas et 2017). The germination rate was

calculated using Eq. 1 (Islam et al., 2016).

Number of germinated seeds

o oY — y
Germination rate (%) Total number of seeds 100

Eq. (1)

The root and shoot length of the seedlings weresared after 8 days of germination. The
relative seed germination (RSG), relative root grofRRG), relative shoot growth (RShG)
and germination index (GI) were calculated using thllowing equations (Hussain et al.,

2018):

RSG (%) Number of seeds germinated in bacteria treated system 100
- X
’ Number of seeds germinated in control system

Eq. (2)

RRG (%) Mean root length of seedlings in bacteria treated system 100
- X
’ Mean root length of seedlings in control system

Eq. (3)

RShG (%) = Mean shoot length of seedlings in bacteria treated system % 100
o Mean shoot lenth of seedlings in control system

Eq. (4)

RRG X RShG

GI(%) = —75

Eg. (5)

2.8. Evaluation of PTE removal efficiency

10
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The PTE removal efficiency of the bacterial isolai@s determined as outlined in Ren et al.
(2015) and Vishan et al. (2017) with some modifa@at The isolated strain was grown in
filtered and sterilized wastewater (from where lblaeterial strain was isolated) supplemented
with 0.05% yeast extract. Mid log phase cells waaievested by centrifugation at 5000 rpm
for 10 min. Then the cell pellet was washed thmews$ with 0.85% NaCl, and was vacuum
dried at 60 °C. In case of individual PTE remov#l,mg L* each of As(lll), As(V), Cd, Cu
and Ni was prepared in respective 100 mL sterilé-@liwater while maintaining the pH at
7.0 £ 0.2. On the other hand, for multiple-PTE reaipall had initial concentration of 10 mg
LY. The PTE concentrations of As (As(lll): 5 mg & As (V): 5 mg [}, Cd, Cu and Ni
were prepared and added in a 100 mL sterile MiWw&er maintaining the pH at 7.0 + 0.2.
Then 0.5 mg mt: of the dried cell was added to all systems, acdbated at 35 °C at 150
rpm for 72 h. The sets without addition of any dreell served as control. At different time
intervals (0, 3, 6, 12, 24, 48 and 72h), 10 mL afhple was centrifuged at 8000 rpm for 3
min. The supernatant was collected and acidifieth woncentrated HN§ and the PTEs
were measured using atomic absorption spectronfae®) (AAnalyst 200, PerkinElmer,
USA). The standard solutions (Fluka Analytical, &@erland) of respective PTEs were set as
references. The removal efficiency of a specifi€Rfas measured indirectly by measuring

the available PTE in the solution following Eq.Bigwas et al. 2018).

. (Initial PTE concentration — Final PTE concentration)
Removal efficiency (%) = — _ %X 100
Initial PTE concentration

Eq. (6)

The PTE removal efficiency was also examined dediht pH values (pH 5, 6, 8 and 9),
temperatures (25 and 45 °C) and concentratior2)(®nd 50 mg t). All single-PTE system

contained respective levels of As(lll), As(V), C@u and Ni, whereas in multiple-PTE
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system total arsenic was split into As(lll) and ¥Ws@dded at an equal proportion so that the

final ratio of PTEs (As:Cd:Cu:Ni) stood at 1:1:1:1.

The PTE removal was also estimated using live batteells at the optimum pH (pH 7 for
As, and pH 6 for Cd, Cu and Ni) and temperature °@h Bacterial cells were isolated as
stated earlier. The number of live cells per mLextitb different concentrations (5, 10, 20
and 50 mg [}) of both individual and multiple-PTE systems wergiivalent to the number
of bacterial cells harvested in 0.5 mg ™dlried cell. The protocol followed for the removal
experiment was similar as stated for dried badtdi@mass except an extended incubation

period (96 h) since the removal efficiency contithtie reach the plateau.

2.9. Mesocosm study

The plant growth promotion, and PTE partitioningl dranslocation induced by the selected
bacterial strain under PTE stress conditions weeenned on lentil l{ens culinaris, variety
Asha). In this experiment, a sterilized garden €ob kg/pot; pH 7.41, electrical conductivity
168 WS crit, oxidation reduction potential (Eh) 472 mV; nigaoncentration 31.14 mg kg
ammoniacal nitrogen concentration 10.89 mg kgd available phosphate 9.32 mg'kg
collected from the University of Kalyani campus ssspiked with As (40 mg k), Cd (6 mg
kg?), Cu (200 mg kg) and Ni (150 mg Kg). For the individual-PTE systems, the specific
level was added to the individual pot. For multipi€E systems, 40 mg Rgpf As (As(Ill):

20 mg kg* + As(V): 20 mg kg), 6 mg kg* of Cd, 200 mg kg of Cu and 150 mg kyof Ni
were added altogether. To the respective pot, ekl of bacterial suspension or PTE-free
sterilized water (control) was added and alloweeédailibrate for 2 days. Lentil seeds were
surface sterilized as mentioned earlier, and tceatther with bacterial suspension or PTE-

free sterilized water (control) for 1 h, and siede were sown in each pot. After eight days of

12
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297

germination, the seedlings were thinned, and feedbngs were kept in each pot. The pots
were irrigated with measured amount of PTE-freelsted water with a sprinkler in such a
way that the desired soil moisture content (atdfiehpacity) is maintained but no excess
water can cause any leaching. Three different sktsontrol were maintained; one set
without any addition of PTE and bacterial inoculuhe second control set received PTE but
no bacteria, and the third received extraneousduirtion of bacteria but no PTE. All the
sets were maintained in triplicates. At 20 dayemnval, either 5 mL of bacterial suspension (8
log CFU mLY) or PTE-free sterilized water (control) was addedhe respective pots. For
establishing rhizosphere colonization of the baaltetrain, the rhizospheric soil suspension
was prepared and inoculated on glucose minimal agdtr medium supplemented with
multiple-PTE at respective MTL concentrations (Ml et al., 2014). After 120 days,
subsamples were collected from different spots laydrs to make a pooled sample and
mixed together to make it homogenous, for estimatibPTES in the soil of each pot. Lentil
shoot and seed samples were also collected. Allgant and seed samples were digested in
acid mixture (Bhattacharya et al., 2010) befordyanag the amounts of PTE in the digested

aliquots using AAS.

The translocation factors (TF) of the PTE from goilshoot, shoot to seed and soil to seed
were calculated following Eqg. 7. Here the term @hdnas been used to represent the crop

plant’s aerial part without seed.

Concentration of PTE in shoot or seed

" Concentration of PTE in soil or shoot

Eqg. (7)

2.10. Statistical analyses

13
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The data were subjected to appropriate statistiadtlations using GraphPad Prism 7.00
software. Two-way ANOVA was performed for PTE raml germination rate, IAA
production, PTE concentration in different partstieé plant, translocation factors, plant
phenotypic features and seed production, underlesigd multiple-PTE conditions.
Treatment differences were verified by the Leasgnficant Difference (LSD) test.
Correlation between bacterial IAA production angbtophan concentration was performed

using linear regression model.

3. Reaults

3.1. Identification and biochemical characterization of the bacterial strain

The phylogenetic tree and taxonomic identity of is@ated bacterial strain are presented in
Fig. 1. The dendrogram based on the similarity deam NCBI database and Ribosomal
Database Project confirmed the bacterial isolat@ asrain ofBacillus sp. The GenBank

accession no. fdBacillus sp. KUIM2 is MH732910.

The isolated straiBacillus sp. KUIM2 was found to be a rod-shaped, motileGpasitive
bacterium. It produced white, medium-size colomeshe agar plate. The morphological and
biochemical characteristics are shown in Table He Bolate showed positive response to
methyl red, citrate utilization, catalase, cellelasd nitrate reduction. On the other hand, it
showed negative response to indole production, ¥-&yeskauer, gelatine liquefaction,
amylase, lipase, urease angSHproduction tests. In the presence of glucosesanmbse, the
acid production was also observed. The isolatedebat strain showed potential of
producing IAA and GA3, and exhibited ACC deaminasaivity, but no phosphate

solubilization potential (Table 1).
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3.2. Optimization of growth conditions

The optimum growth conditions (pH, temperature aadinity) and growth curve of the
isolated strain are presented in Suppl. Fig. 1.i$bkated strain showed the potential to grow
under a wide range of pH 3-10, with the optimurmvwgtoat pH 7; above pH 9 and below pH
5 the growth declined sharply. The isolate showed dapability of growing under a wide
spectrum of temperature (20-45 °C) and salinityp-@% NaCl). The growth tended to
increase gradually with increase in temperature top 35 °C, which decreased
disproportionately above 40 °C. The isolate showedincreasing trend in growth with
increasing salt concentration up to 2%, which issttered as the optimum salinity (Suppl.
Fig. 1). The growth rate of the bacterial straimwbd an exponential increase up to 4 h.

Continuous increase in growth was registered uphdo reach a stationary phase thereatfter.

3.3. Toleranceto PTEs

The bacterial Bacillus sp. KUIM2) maximum tolerance limits (MTL) to PTEsried
significantly showing the following order: As(V)>fd)>Cu>Ni>Cd (LSD test;P<0.05).
Subject to single-PTE conditions the maximum baalteéolerance was recorded against As
(As(V) 60,000 mg [*; As(lIl) 4500 mg L), followed by Cu (905 mg ), Ni (425 mg L)
and Cd being the least (140 md)L Under multiple-PTE challenge, the bacterial istra
showed a similar tolerance trend to individual eets (1400 mg t of As(V); 600 mg L* of
As(l11); 300 mg L of Cu; 205 mg [* of Ni; 85 mg L* of Cd), but registered lowered MTL
values for respective individual PTE (Cd 39.29,94i76, Cu 66.85, As (lll) 86.67, As (V)

97.67%).

3.4.1AA production potential
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346  The bacterial straiBacillus sp. KUIM2 showed a considerable potential for |1AAduction
347 as a direct function of L-tryptophan concentratisith a strong correlation @R0.9751).
348  With increasing concentrations of L-tryptophan, tkelate produced consistently higher
349  concentration of IAA (38.69, 46.33, 54.90 and 6Q@ImL" IAA at 1, 2, 5 and 10 mgtof

350 L-tryptophan, respectively).

351 The isolated strain maintained IAA production capaboth under single and multiple-PTE
352 conditions (Fig. 2). Under single-PTE challenges tAA production increased significantly
353  (P<0.05) by 7.57, 23.45, 12.27, 7.55 and 20.01% whegrosed to 2.5 mg Cdl. 2.5 mg
354  As(lll) L™, 5 mg As(V) L}, 10 mg Ni L* and 20 mg Cu T, respectively (Fig. 2a). When the
355  bacterial culture was spiked with multiple PTEsmgwising As(llI+V, 1:1), Cd, Cu and Ni at
356 2.5 mg L' each], the IAA production was also observed to hmificantly (P<0.05)
357 enhanced by 16.30% (Fig. 2b). Contrarily, IAA protlon was found to be decreased
358 significantly at higher concentration of individuATEs (Cd, As(lll), As(V), Ni, Cu) in the
359 medium from 10, 20, 20, 30, 40 mg"Lrespectively, showing the following order of
360 variation: Cd (22.79-77.39%)>As(lll) (9.73-35%), (A8 (6.78-30.61%)>Ni (12.17-
361 29.25%)>Cu (8.88.29%) P<0.05). On the other hand, IAA production decreased
362  significantly (P<0.01) for multiple-PTE contaminated medium by 361 49.29% with

363 increase in the concentration of multiple PTEs frtBrto 30 mg L.
364
365 3.5. PTE removal efficiency

366 The isolated strainBacillus sp. KUJM2) was capable of removing PTEs from batiyle
367 and multiple-PTE exposure systems (Fig. 3 & 4; $upjg. 2 & 3). The PTE removal by
368 dried bacterial biomass was higher in the singl&RBystems than the multiple-PTE system

369 irrespective of time, temperature, pH and PTE cotragon (Fig. 3 & 4). Similar result was
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observed for live cells (Suppl. Fig. 2 & 3). Dribdcterial biomass showed increasing PTE
removal efficiency up to 48 h, whereas the livéd sebwed similar trend till 72 h followed by

a steady state.

In case of dried biomass sets containing single-RTE mg L), the highest removal

efficiency for Cd (77.90%), Cu (72.15%) and Ni (@%) was witnessed at pH 6 after 72 h,
whereas the removal of As(lll) (89.87 %) and As(91.22%) peaked at pH 7 (Fig. 3). In
contrast, at 35 °C, the lowest PTE removal wasmbseat pH 9 (Fig. 3). Overall, the results
presented two distinct patterns for PTE removabssithe pH range tested: pH 6>pH 5>pH
7>pH 8>pH 9 for Cd, Cu and Ni; pH 7>pH 6>pH 5>pHp8H9 for As(lll) and As(V). The

multiple-PTE systems showed similar pattern of R&Boval in dried bacterial biomass as
observed in single-PTE exposure. In the multipl&RYstem, with the initial concentration
of 10 mg L* and at 35 °C, the removal performance reachedhthémum level at pH 6 for

Cd (59.75%), Cu (49.30%) and Ni (62.84%) after 7@hereas the maximum removal of As

(60.60%) was attained at pH 7.

The highest and lowest PTE removals were observ&d &C and 25°C when compared
over an element-specific optimum pH across bothlglsirand multiple-PTE situations.
However, as expected, the PTE removal efficiencgresed with their increasing
concentration when tested the optimum temperatulestement-specific optimum pH (Fig. 3
& 4). In the single-PTE system containing dried tgbmass, the highest PTE removal was
achieved at 5 mgt among the tested concentrations with respectifieiericies of 92.36,
93.14, 91.95, 90.17 and 94.75% for As(lll), As(Zd, Cu and Ni, respectively. Similarly, in
case of multiple-PTE system, the removal efficieacranged between 60.4 and 81.41%
exhibiting an identical order of variation, i.e.i>R&s>Cd>Cu (Fig. 3 & 4). In both single-
and multiple-PTE systems, the lowest removal waenked at 50 mg tamong the tested
concentrations. Two different patterns of singleER€@moval was observed; for Ni, and both
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species of As, major removal was witnessed up tangOL*, while Cd and Cu removal
dropped strikingly after 5 mg't Under multiple-PTE system, PTE removal mostlyurted

up to 5 mg L.

The removal of PTEs using live cells showed thathe single-PTE system the highest
removal efficiencies (87.15 to 91.69%) were achiev® 5 mg [' among the tested
concentration# the following order of variatiorNi>As>Cd>Cu. For multiple-PTE system, the
highest removal efficiency varied between 57.5 @8dB% showing a similar pattern of
removal (Suppl. Fig. 2 & 3)n both single- and multiple-PTE systems, the lowestaval
efficiencies were observed at 50 mg, with respective ranges of 53.94 to 73.02% an825.

to 44.95%.

3.6. Retention and partitioning of PTEs

The results of the mesocosm study exhibited andistiariation in soil PTE retention (Table
2) after 120 days in the following order: Cu (88@%Ni (86.89%)>As(V) (85.94%)>As(lII)
(82.63%)>Cd (75.5%). In bacteria engineered systhmsolil retained higher amount of the
applied PTEs compared to their corresponding ctefitable 2). The multiple-PTE system
without bacterial inoculation showed higher retentof PTEs in the soil than the single-PTE
counterpart but followed the similar order, Cu lgeihe highest (89.03%) and Cd the lowest

(76.06%).

The isolated strainB@acillus sp. KUIM2) successfully colonized in the rhizosghef lentil
grown under either control or PTE-treated soilse Bilochthonous bacteria colonized in the
rhizosphere comparatively better in the absencBTE (~7 log CFU g soil) than in the
presence of PTEs (~5-6 log CFU goil). The exogenous introduction of bacterialcimom

was observed to induce growth of lentil signifiéggn{P<0.05) while reducing PTE
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concentration in different parts of the plant (TeabR & 3), and inhibiting PTE translocation
in the plant body parts compared to respectiverotm{Fig. 5). In both single- and multiple-
PTE systems, shoots and seeds of the plant growthenbacteria-engineered system
contained lower concentrations of PTEs than thngle respective controls containing PTE

but no bacterial inoculum (Table 2).

In single- and multiple-PTE systems, the inoculateatteria reduced soil-shoot PTE
partitioning by 1.52-1.8% and 1.91-2.17%, respetyivwhile their corresponding controls
without bacteria showed 5.1-8.93% and 5.63-9.67%titjpaing. Similarly, bacteria
inoculated system with single and multiple PTE dgsiecorded lower PTE partitioning from
soil to seed (0.13 to 0.2% and 0.19 to 0.29%) tteir corresponding controls (0.53 to
1.49% and 0.62 to 2.05%). In bacteria engineeresterys, soil-shoot and shoot-seed
translocation factor (TF) for all single PTEs desed significantly F<0.05) compared to
their respective controls. In case of multi-PTEteyss, although there was significant
decrease in soil to shoot TFs for all PTES ovepeesve controls, no significant decrease
was observed in shoot to seed TFs for all PTEspX¢d. Overall, soil-seed TFs decreased
significantly in bacteria engineered systems owgrasponding control, irrespective of PTE

and nature of dosing, either singly or in combimati

3.7. Effect on plant growth

The rate of lentil seed germination increased &mamtly (P<0.05) in the presee of
Bacillus sp. KUIM2 (81%) compared to that without bactanakulation (70.33%) while the
relative seed germination (RSG) was also discenidreased (115.24%). The relative root

growth (RRG) and relative shoot growth (RShG) wememoted subject to bacterial
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inoculation to reach 131.13 and 142.96%, respdgtiviene germination index (GIl) under

bacterial influence was recorded as 187.41%.

The mesocosm study showed that the length and dighivof shoot increased significantly
(P<0.05) in all the treatments receiving single orltiple PTEs in the presence of the
bacterial strain, whereas those without bactemaicekment withessed significant decrease
(P<0.05) in those parameters (Table 3). Howevergatgr extent of decrease in shoot length
and dry weight was observed in multiple-PTE conoditivithout the bacterial inoculation
(33.89 to 66.11%) than corresponding single-PTEitmm (22.65 to 51.34%). Significant
variations in such decreases were observed ame@ngTk exhibiting the following order:
multi-PTE>Cd>As(II1)>As(V)>Cu>Ni P<0.05). Contrarily, in the presence of bacterial
strain, shoot length and dry weight increased mglsi and multiple-PTE systems by 7.1 to
27.61% and 18.22 to 36.3%, respectively, showimgftdtlowing trend of variation: multi-
PTE>Cd>Cu>Ni>As(ll)>As(V) P<0.05). In terms of seed production, the setsivatp
single and multiple PTEs but no bacterial inoculshowed significant decrease (28.57-
62.86%) reflecting the same order as observedda o&shoot length and dry weight. Seed
production increased significantly in bacteria eegred PTE treated soils, but the order of
variation among the treatments differed from thiaslwoot length and dry weight as stated:
Cu>As(V)>As(lI)>Ni>Cd>multi-PTE P<0.05). In the sets containing contaminants
(As(ll), As(V), Cd, Cu, Ni, multi-PTE), exogenousttroduction of bacterial inoculum
increased seed production by 27.91, 28.26, 24.6402 29.17 and 19.23%, respectively,

over their corresponding controls (Table 3).

4. Discussion

4.1. Bacterial isolate: identification and characterization
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The isolated bacterial straiBdcillus sp. KUIM2 MH732910) belonged to the phylogenetic
tree comprising bacterial strains characterizedPG{E resistance potential, plant growth
promotion capacity and varied biochemical propsr{i&hang et al., 2009; Ndeddy Aka and
Babalola, 2016). These bacterial strains exhibiemsive diversity, and have the ability to

withstand extreme environmental conditions.

Bacillus sp. KUIM2 was able to grow under a broad spectriipHo(4-10) and temperature
(20-45 °C), and showed appreciable salt tolerai@g@gl. Fig. 1). The bacterium faced
unfavourable conditions and physiological stresg] was capable of exploiting marginal
niche beyond the favourable window of pH and terapee (Biswas et al., 2017). The
biochemical tests (Table 1) indicated metaboliavdids involved in the nutritional and

respiratory processes of the bacterium as refldot@d positive response to tests for methyl
red, catalase, citrate utilization, cellulase aricte reduction. The bacterial traits of IAA and
GA3 production and ACC deaminase activity indicathdt Bacillus sp. KUIJM2 could

induce plant growth and reduce environmental steg¢Ma et al.,, 2011; Rajkumar et al.,

2012).

4.2. Tolerance of PTE

In sites contaminated with multiple PTE, selectmerobe(s) can tolerate PTE stresses to
variable degrees. Adaptation and resistance to Bdé&h stress develop over time. Here the
bacterial strainBacillus sp. KUJM2 was isolated from wastewater which wakemawith
PTEs but at low concentration (Rana et al., 20T8¢ strain was found to tolerate higher
concentration of all the tested PTEs far exceethegolerance limits oEscherichia coli (Cd

0.5 mM; Cu 1.0 mM and Ni 1.0 mM) (Nies 1999), whicfdicates its ‘extreme’ tolerance

capacity. The bacterial strain was capable of agppiuith single and multiple PTEs in the
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order of Cd<Ni<Cu<As(lll)<As(V). This observati@monforms with the pattern of tolerance
of a wastewater bacteriufdseudomonas aeruginosa to these PTEs (Biswas et al., 2017).
Further, the bacterial tolerance to multiple PTEspged significantly (39.29 to 97.67%)
compared to its exposure to single PTEs. This mayexplained by the fact that under
multiple-PTE challenged conditions, the toleranze individual PTE was dropped as the
bacterial strain had to face multiple stress it by other four PTEs. Bacterial
tolerance/resistance to different PTEs differ dejpgm on the toxicity of those PTES,
different microbial metabolism, and the nature amegree of complexation of the
metal(loid)s with chemical components of the growtkdia (Chatterjee et al., 2009). The
characteristic of multi-metal(loid) resistance nagwelop in the bacteria under the selection
pressure emerged from stress of multiple metaloid the ambience, and later transmitted
in the bacteria either as an evolutionary legacgroadaptive biological strategy (Nies, 1999;

Mallick et al., 2014).

4.3. |AA production

The selected strairBacillus sp. KUIM2 showed considerable potential to prodifcé
which is recognized as one of the most physioldlyietive phytohormone under the auxin
category. IAA producing bacteria suchBegillus sp. have profound effects on plant growth
in agriculture (Goswami et al., 2014; Biswas et 2017; 2018). The IAA production was
increased under single and multiple-PTE conditionghis study (Fig. 2). This observation
finds concordance with other studies demonstratiegAA production potential of bacterial
strains (e.g.Bacillus spp.,Serratia spp.,Enterobacter spp. andKlebsiella sp.) in the presence
of Cu, As, Pb, Ni, Cd, Cr and Mn (Mesa et al.,, 20Carlos et al., 2016). The IAA
production byBacillus sp. KUIM2 was significantly increased up to 2.5, 3, 10 and 20 mg
L™ of Cd, As(lll), As(V), Ni and Cu respectively, wdti indicated that the relative degree of

22



515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

toxicity adversely affected the IAA production bgithe least in case of Cd and As(lll)
(Carlos et al., 2016). Bacterial growth response metabolic activities vary among PTEs
primarily due to different patterns of bacteriaeiractions with the PTEs, and secondarily it
may be modulated by the interaction of PTEs with domponents of the growth media
which may alter their chemical forms, bioavailalgiland toxicity (Chatterjee et al., 2009;

Mallick et al., 2014).

4.4. Seed germination and seedling growth

Treatment withBacillus sp. KUJM2 increased germination of lentil seeds1i96 with
respect to the control while the relative seed gaation was promoted to be registered as
115.24%. The seedling growth was significantly icetl by the bacterial manipulation as
reflected from the increased relative root growt81(13%) and shoot growth (142.96%).
Further germination index (187.41%) bears thertesty of the seedling growth induction by
the bacterial inoculation, and it accounts for seedling growth as a product of RRG and
RShG. Since the bacterial strain was endowed whth d¢apacities of IAA and GA3
production, the germination rate was enhancedarptiesence of the strain (Ma et al., 2015;
Ndeddy Aka and Babalola, 2016). Our previous studiso showed an enhancement of seed
germination in the presence of metal(loid) resista® producing earthworm gut resident
bacteriumBacillus licheniformis and wastewater bacteriuf aeruginosa (Biswas et al.,

2017; 2018).

45. Removal of PTES

Dried biomass oBacillus sp. KUIM2 removed PTE significantly from both segind

multiple-PTE systems (Figs. 3 and 4). Cd, Cu andelioval exhibited a bell-shaped curve,
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with the highest removal at pH 6, followed by graddecline, which corroborates support
from previous studies (Mohan et al., 2006; Ozt@@)7; Johncy Rani et al., 2010). For both
the chemical species of As, removal was the highegiH 7 beyond which the removal

efficiency decreased markedly (Mohan et al., 2@iménez et al., 2007). The PTE binding
to the bacterial biomass is a mechanism involviegteostatic interaction between metal ions
and the biomass (Krishnan et al., 2008; Quintelas. £2009). The functional groups such as
carboxyl present on the bacterial cell wall gettpnated at low pH (<4) and play a major
role in controlling the binding of PTE ions (Leoe¢ al., 2007; Ren et al., 2015). With

increase in pH values, these groups possibly tenddok deprotonated and attracted the
positively charged PTE ions with gradually incregsintensity, which reached their maxima
at pH 6 -7 for the cationic PTEs. Contrarily, agher pH, a decreased deprotonation of
bacterial carboxylate and concomitant lowering @hikable binding reduced the PTE

removal. In such situations, hydroxide precipitatiof the PTEs may become an active

mechanism for their removal (Choi et al., 2009; Real., 2015).

The removal of PTE using dried bacterial biomass west effective at 35 °C. The PTE
removal efficiency increased with increasing terapae was likely due to higher affinity of
binding sites for PTEs or an increase in bindirigsson the bacterial biomass (Mohan et al.,
2006; Vishan et al., 2017). Above 35 °C, the PTiaaeal efficiency decreased probably due

to the distortion of active sites of bacterial s¢Wishan et al., 2017).

With increasing concentration of PTEs, the rem@#ftiency of dried bacterial biomass and
live cells decreased in both single and multiple=P3ystems due to surface saturation
depending on respective initial PTE concentratidfol{fan et al., 2006; Quintelas et al.,
2009). For an individual PTE, the available actsites became easily occupied at higher
intensity at lower concentrations; the rate gragudéclined as it approached towards the
saturation level as experienced at higher concioisa employed in the present study.
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Similar observation was reported by Johncy Ramil.ef2010) on removal of Cu, Cd and Pb
using immobilized and dead bacterial cells Bécillus sp., Pseudomonas sp. and
Micrococcus sp. With increasing concentrations, the PTE idifRise into the biomass
surface at a slackened rate resulting in decre@sedval efficiency (Quintelas et al., 2009).
Although the PTE removal efficiency of live quiest®acterial cells was slower and lower
than the dried biomass no significant differenee @.05) was observed between them at the
end point of experiment. Malkoc et al. (2015) obsedr slightly higher metal removal
efficiency accomplished by the dead bacterial cgisipared to live cells because the former
was mediated through an energy independent pasaivgport while the latter depended on

an active transport.

Removal of respective PTE mediated by live bacteriats dried biomass was higher in
single-PTE system than the multiple-PTE systemtduewer toxic PTE stress in the former
than the latter. Different interactions such as #PTIEE in solution, and between PTE and live
or dried bacterial biomass emerge. The net effeatterfacial interactions depends on the
binding mechanisms involved in the sorption atacefsites and reversibility of the process
(Mohan et al., 2006). Different PTE ions presenthi@ system compete for the surface sites
depending on the nature of PTE ions which reflafferdntial sorption and subsequent

removal of PTEs (Volesky and Holan 1995; Mohanl.e2806).

4.6. PTE retention in soil

In both single- and multiple-PTE systems the exogsrintroduction of bacterial inoculums
facilitated retention of PTE in the soils highearhtheir respective controls, whereas shoots
and seeds of the plant grown in the bacteria eegitesystem contained lower amount of

PTE than their respective controls. It evidentlylioates the significant impact of the
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bacterial strainBacillus sp. KUJM2 on immobilizing PTEs in soil and reding their
translocation and partitioning along the soil-shee¢d continuum (Li et al., 2017; Etesami,
2018; Han et al., 2018). The present study alsavetahat introduction of allochthonous
bacteria helped to increase in soil conductivigngicantly in all treatments contaminated
with either single or multiple PTEs, as well asrease soil pH significantly in multiple-PTE
system (Suppl. Table 2), which concomitantly enlednthe immobilization of PTEs in soil
(Bolan et al., 2014; Fauziah et al., 2017). Sdvetradies have shown that certain bacteria
can decrease translocation of PTEs from soil tontpland thereby reduce their
phytoaccumulation (Ahmadet al., 2014; Etesami, 20a#h et al., 2018). For example, Cd-
resistanBacillus megaterium H3 reduced Cd accumulation in rice by immobilizidd in the
rhizosphere soils (Li et al., 2017) where&acillus thuringiensis X30 increased
immobilization of both Cd and Pb and reduced migi@dvailability, uptake and translocation
in radish, thereby alleviating metal toxicity (Haet al., 2018). Bacteria mediated
immobilization further earns strength from the fdabat severalBacillus spp. produce
extracellular polymeric substances which can effett chelate metal ions (Biswas et al.,
2018). The order of PTE concentrations remainedoifs of both bacteria engineered and
control sets receiving either single or multipleB®Twere Cu>Ni>As(V)>As(l11)>Cd, which
conforms to the same order of the spiking concéatraf respective PTE (Li et al., 2017).

Furthermore, the empirical evidence reflects trelgally increasing order of PTE toxicity.

4.7. Translocation of PTEs

In both the single- and multiple-PTE systems sodedt, shoot-seed and soil-seed TF
decreased significantly in the presenc®adillus sp. KUIJM2. Partitioning and translocation

of the PTEs in shoot as well as in seed was higherultiple-PTE system than the single-
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PTE system, which is due to suppression of bactmeaiated processes in general and
immobilization in particular, under multiple PTEHesds. The toxic stress induced suppression
of bioaccumulation and immobilization of PTEs cam dgain supported by the empirical
evidence that the TFs (soil-shoot; shoot-seed ailessed) of Cd, the most toxic metal
among the PTEs tested, were highest in all syst@ms.process of PTE accumulation and
translocation by plants depends on an array ofinsitr and extrinsic factors such as
physicochemical properties of soil, the plant spgcirhizospheric microenvironment,
bacterial assemblage, nature and concentratioardgaminants (Mallick et al., 2014; Ndeddy

Aka and Babalola, 2016).

4.8. Phytoaccumulation in plant biomass and phytor emediation

The aerial biomass (shoot + seed) from the treasnesthout bacterial inoculation on
harvest removed 5.63-6.7, 10.43-11.78, 5.67-6.266a45-6.77% of the soil As, Cd, Cu and
Ni respectively, under single and multiple-PTE eyss$, yet leaving potential human health
risk since the meta(lod)s still reached the ediald (seed) of lentil exceeding the permissible
limits (FAO/WHO, 2011). The allochthonous input tife bacterial strain was found to
diminish the build-up of PTEs in the aerial parts tbe plant resulting in reduced
phytoextraction (As: 1.65-2.14%; Cd: 2-2.42%; Cu8412.11%; Ni: 1.93-2.11%). The
remediation of PTEs at contaminated sites mightrddated to the presence of higher
proportion of PTE-resistant microbial populationthe soil which could also protect the
plants (Rajkumar and Freitas, 2008; Mallick et &014). Such bacteria having IAA
production ability can alleviate the metal industgbss in plants by promoting plant growth,
enhancing nutrients absorption and facilitatingtahce and adaptation to metals (Ma et al.,

2011; Sessitsch et al., 2013). In addition to potida of growth enhancing and bioprotective
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IAA, allochthonous bacterial inoculation could demse total respiration, alleviate PTE
induced oxidative stress through upregulation dfoaidant enzymes, and amelioration of
PTE toxicity, leading to increased plant biomassdpction (Rajkumar et al., 2012; Mesa-
Marin et al., 2018). Evidently, the inoculation thie selected bacterial straBacillus sp.
KUJM2 into the soil resulted in the increase in cthbiomass up to 36.3% even after
compensating the decrease of biomass inflicted B¥ Rtress. Similar plant growth
promotion potential oBacillus subtilis KP717559 was studied by Ndeddy Aka and Babalola
(2016), where it helpeBrassica juncea to overcome growth inhibition induced by Cr, Cd,
and Ni. Thus, the PTE immobilizing and plant groytiomoting bacteria might be used as
possible candidates for PTE-contaminated land nenagt for agronomic purposes

(Mallick et al., 2014; Han et al., 2018).

Single- or multiple-PTE stress suppress the plemwth and induce plants to raise respiration
and carbon consumption for maintenance purposelngdo compromise in plant growth
(Mesa-Marin et al., 2018), which has been refleétethe decreased production of shoot
biomass and seed production ranging from 33.89166uid 28.57-62.86%, respectively.
These finding are consistent with the relative d¢dyiof the PTEs which accentuated in the
case of multiple-PTE condition, where all the tdst@TEs were spiked and their total
guantum far exceeded than those of the single-RI& sStill significant amounts of PTE
were accumulated in shoot biomass. Rotationalvaiion involving lentil could alleviate the
metal(loid)s load through periodic exclusion of BTi#emaining in the non-edible plant parts

to the level that won’t raise any toxicological gtien

4.9. Concentration of PTEsin seed and implication for food safety
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The isolated strain was found capable of not oeljucing PTE concentration in different
parts of lentil but also significantly increasingesl production in the presence or absence of
those PTE. Similar observation was reported by Véauil. (2007; 2008). The inoculation of
contaminated soils with exogenous introduction ladcathonousBacillus sp. KUIM2 was
proved effective to restrict the build-up of mebad)s in the edible (seed) part of the plant
within the permissible limit that ensured food $afikcom human health point of view. In the
absence oBacillus sp. KUIM2 the soils contaminated with single or tipl¢-PTE lentil seed
concentrated PTE at higher levels exceeding theaigsible limit, but bacterial manipulation
in soil controlled the partitioning and restricteenslocation from soil to shoot and shoot to
seed. This has resulted in reduced concentratibRJ Bs in seeds (Table 2), which remain
within the permissible limits (FAO/WHO, 2011), atieg any consequent health risk. The
food safety issue is further verified successfuliyh the tolerable and toxic ranges of the
tested PTEs in agronomic crops as compiled in KaPanhdias (2011). For example, the PTE
concentrations in lentil seed developed underdoictinoculated system, As (0.05-0.08 mg
kg?), Cd (0.01-0.02 mg kY, Cu (0.31-0.39 mg kY and Ni (0.22-0.3 mg kb remained far
below the tolerable concentration of respective PEE 0.2, 0.05-0.5, 5-20 and 1-10 mg'kg
as well as the respective toxic concentration ramjes-20, 5-30, 20-100 and 10-100 mg kg
! Without exogenous bacterial intervention healtk rcould crop up for the plant and

humans in case of As (Kabata-Pendias 2011) andEC®2006).

5. Conclusions

The study showed that the biomass of the multipi¢aiioid)-resistanBacillus sp. KUIM2
had high efficiency in removing PTEs tested, unbdeth mono- and co-contaminated

conditions. The tested bacterium was capable ofthegizing IAA in contaminated
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conditions, and promoted lentil plant growth. Its@al showed a good potential for
immobilization of PTEs in soil, and modulated theamslocation through the soil-root-shoot-
seed cascade reducing toxicant levels in diffepdgmt parts. The concentrations of PTE in
the edible part of the crop (seed) remained witespective permissible limits (FAO/WHO
2011), averting human health risk. Thus, the bg&dtstrain was capable of reducing PTE
transfer in the food-chain, which should be testedield-scale trials in the future. For
practical applications, either the bacterial inooa$ may be prepared as suspension or
diluted formulation may be added to the compogherorganic matter. Alternatively, seeds
may be soaked in that microbial preparation forhaar before sowing. Indigenous soil
microbial populations may impose some constraiotthé establishment of the exogenous
effective microorganisms. However, these constsagauld be overcome through periodic
recurrent applications at least for first few yedfarther assessment and upscaling of the

technology is required for its real life applicatso
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Legendsto Tables

Table 1. Physiological and biochemical profile Bécillus sp. KUJM2; here ‘+’ sign

indicates a positive response while ‘—’sign indésamegative response.

Table 2. Concentration (mg Ryof PTEs in soil, shoot and seed. The abbreviatiorand B
stand for control (without exogenous bacterial ilaton) and bacteria inoculated systems,
respectively. Each value indicates mean of tripiceneasurements + standard deviation.
Significant differences compared to respective mynare marked with aP<0.0001; b,
P<0.001, c,P<0.01; d,P<0.05; as derived from statistical analysis using-tvay ANOVA

followed by LSD.

Table 3. Effect of exogenous introduction of baefestrain, Bacillus sp. KUIJM2 on

morphological features (shoot length, shoot dryghtiand seed production) of lentil plant
(Lens culinaris) in presence and absence of single and multiplesPThe abbreviations C
and B stand for control (without exogenous bactanaeculation) and bacteria inoculated
systems respectively. Each value indicates meatrigiicate measurements + standard
deviation. Significant differences compared to extppe control are marked with a,
P<0.0001; b,P<0.001, c,P<0.01; d,P<0.05; as derived from statistical analysis using-t

way ANOVA followed by LSD.
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Legendsto Figures
Fig. 1. Phylogenetic tree based on 16S rRNA gegeeees oBacillus sp. KUIM2.

Fig. 2. IAA production (ng mt) in presence of (a) single-PTE and (b) multipleERsystem.

Error bars indicate respective standard deviatienivdd from triplicate measurements.
Significant increases in IAA production comparedthat of respective control are marked
with * for P<0.0001; # forP<0.001;m for P<0.01; e for P<0.05 as derived from statistical

analysis using two-way ANOVA followed by LSD.

Fig. 3. PTE removal efficiency (%) of dried biomaé®8acillus sp. KUIM2 from single-PTE
system, (a); (b) and (c) of As(lll), (d); (e) arfdl ¢f As(V), (9); (h) and (i) of Cd, (j); (k) and
() of Cu and (m); (n) and (o) of Ni. Error barglioate respective standard deviation derived

from triplicate measurements.

Fig. 4. PTE removal efficiency (%) of dried biomag®Bacillus sp. KUIM2 from multiple-
PTE system, (a); (b) and (c) of As, (d); (e) and{fCd, (g); (h) and (i) of Cu and (j); (k) and
() of Ni. Error bars indicate respective standagdviation derived from triplicate

measurements.

Fig. 5. Translocation factors (TF) from soil to shashoot to seed, and soil to seed (a) single-
PTE system and (b) multiple-PTE system. The abhtewvis C and B stand for control
(without exogenous bacterial inoculation) and ba@ateoculated systems respectively. Error
bars indicate respective standard deviation derik@d triplicate measurements. Significant
increases in IAA production compared to that ofpeesive control are marked with * for
P<0.0001; # forP<0.001;m for P<0.01; e for P<0.05 as derived from statistical analysis

using two-way ANOVA followed by LSD.
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Table 1

Characteristics Inference

Gram character +; Rod; Motile
Indole production -

Methyl red +
Voges-Proskauer -

Citrate utilization +

Amylase -

Catalase +

Urease -

Lipase -

Cellulase +

ACC deaminase activity 155.37 +5.58 nmeketobutyrate mg h
Phosphate solubilization -

Nitrate reduction +

Gelatin liquefaction -

IAA production +

GA3 production 15.12 +1.34 pg riL

EPS production +

Triple sugar iron Yellow butt, red slant, no gas,HpS
Carbohydrate fermentation Acid Gas
Glucose + -

Sucrose + -

Lactose - -

Mannitol - -




Table 2

As(IIl Ag(ll)  As(V) AsvV) Cd Cd Cu Cu Ni Ni Multiple  Multiple
C B C B C B C B C B PTEC PTEB

- |As [3305 3429 3438 3551 34.34 35.60
2 ¥0.59  +0.70 +0.87 +0.42 +0.88 +0.54
sS4 cd 453  4.80 4.56 5.01
&< +0.47  20.21 +0.23 +0.35
%’ 2| Cu 176.77  182.96 178.07 184.04
S = +7.27 +5.82 +6.19 +3.45
W B | Ni 130.33 135.93 131.05 136.93
o < +6.05 +5.63  +3.46 +6.52

As | 217 065 204 0.6 2.41 0.7¢
5 +0.06 +0.08  *0.14  +0.09 +0.14 +0.05
&% Cd 0.54 0.11 0.58 0.13
% =< +0.10  0.02 +0.02 +0.02
S E|Cu 10.21 3.37 11.25 3.83
38 +1.49 +1.10 +0.50 +0.47
& £ Ni 879 267 917 2.87
= - +0.41 +0.49 +0.61 +0.59
o .=
- |As (023 008 021 0.05 0.27 0.08
S +0.01 001 001  +0.01 10.01 0.01
S| Ccd 0.09  0.01 0.12 0.07
5 +0.03  +0.003 +0.02 +0.004
c Elcu 1.13 0.37 1.25 0.3¢
% g +0.14 +0.04 +0.09 +0.04
i Ni 0.88 0.27 0.99 0.3¢
a S +0.03 +0.04  0.08 +0.02




Table 3

As(T)  As(lT)  As(V) As(V) Cd Cd Cu Cu Ni Ni Multiple Multiple Without Without
C B C B C B C B C B PTEC PTEB PTEC PTEB
—~ | 25.17 27.2f 2583 27.6F 20.88 2447 26.63 2913 26.17 2888 16.75 21.38 34.42 35.21
§ [+1.60 +137 +1.66 +130 #*1.76 +1.94 +1.33 +160 +*1.48 +183 =+1.78 +1.77 +1.64 +1.85
58S
o O
5o
> | 0-86 1.0 093 110 061 08P 099 126 096 124 051 0.69 1.49 1.53
%:’ +0.13 +0.14 +0.15 +0.14 +0.09 +0.15 +0.13 +0.16 +0.14 +0.18 +0.08 +0.09 +0.10 +0.11
0=
” 7.17 9.17 767 98 483 600 833 1050 800 1033 4.33 5.17 11.67 13.33
E“ +1.34  +164 +9.83 +1.85 153 #1.35 +1.07 +157 *1.35 +150 =1.44 +1.53 +1.44 +1.61
\.}-E
o o
2g




a0

a7

53

Bacillus subtilis BCd2 (KP717559)
Bacillus amyloliquefaciens subsp. plantarum M20J (AB735995)

Bacillus sp. PSUB9 (MH412683)

38

Bacillus velezensis P42 (KU551200)
@ Bacillus sp. KUJM2 (MHT732910)

Bacillus subtilis G8 (EF491625)

Bacillus subtilis Z72 (KU551225)
a7 | Bacillus subtilis P73 (KU551212)
40 Bacillus sp. M5J-5 (FJ393326)

—

0.00050

Bacillus amyloliquefaciens SWM1 (JN851189)
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Translocation factor
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Highlights

Dried/live metal(loid)-resistarBacillus sp. acts as agent of toxicants’ removal.
Synthesizes IAA in contaminated state (single anttipie) and induces plant growth.
Modulation of translocation/retention lowered t@at levels in plant parts.

Toxicant level in edible part (seed) lied withirmpéssible limits averting risk.
Biomass cuts soil toxic load to harness remedidlagronomic double dividends



